CHAPTER I INTRODUCTION
Iron oxides are naturally abundant minerals, found ubiquitously throughout the earth's crust and atmosphere. Iron oxides in nature are impacted by the activity of dissimilatory iron reducing bacteria (DIRB). DIRB are capable of reducing Fe(III) to Fe(II) at iron oxide surfaces, thereby impacting the reactivity of iron oxides with respect to nutrients, metals, and organics (Bose et al., 2009 ). DIRB can also reduce humic substances, which are then capable of reducing Fe(III) in Fe oxides (Diepenbrock et al., 2014) . Reduction of Fe(III) in Fe oxides by DIRB or other reduced compounds causes a flux of Fe(II) at Fe oxide surfaces, leading to Fe(II) sorption onto the oxides (Larese-Casanova et al., 2012) .
Sorption of Fe(II) to Fe oxides often results in electron transfer from aqueous Fe(II) to
Fe(III) in oxides. Transfer of electrons from Fe(II) to Fe(III) in oxides has been demonstrated for goethite, hematite, and ferrihydrite , Williams & Scherer, 2004 , LareseCasanova & Scherer, 2007 , Cwiertny et al., 2008 . Injection of electrons can lead to Fe oxide recrystallization; ferrihydrite has been shown to transform into lepidocrocite, goethite, and magnetite as a result of electron transfer from Fe(II) . Electron transfer from Fe(II) to goethite is not inhibited by Al-substitution or by the presence of PO 4 2-, CO 3 2-, or SiO 4 2- (Latta et al., 2012) , suggesting that it is likely to occur under natural conditions.
Iron oxides including ferrihydrite, lepidocrocite, goethite, and magnetite can undergo Fe atom exchange with aqueous Fe(II) following sorption and electron transfer (Pedersen et al., 2005 , Jones et al., 2009 , Gorski et al., 2012 , Handler et al., 2009 . High levels of exchange have been observed in goethite (≈90%) (Handler et al., 2014) with less observed for magnetite (10%) (Handler et al., 2014) . Iron atom exchange has also been observed for the Fe-containing sulfate minerals jarosite and schwertmannite (Jones et al., 2009 The mechanism behind Fe atom exchange between aqueous Fe(II) and Fe(III) in Fe oxides is thought to depend on oxidative growth coupled with reductive dissolution (Figure 1 ) (Frierdich et al., 2011 , Yanina & Rosso, 2008 on the oxide surface to Fe(II), causing it to dissolve into the aqueous phase.
Fe atom exchange also occurs, although sometimes to a lesser extent, in Fe oxides containing organic matter and trace metal substituents. Substitution with aluminum and trace elements appears to inhibit atom exchange in goethite (Latta et al, 2012 , and high concentrations of silicon and natural organic matter were observed to inhibit exchange in several Fe oxides (Jones et al., 2009 ). However, the extent of exchange in goethite was not significantly affected by the presence of phosphates (Latta et al., 2012) , and exchange in magnetite was not inhibited by cobalt substitution (Gorski et al., 2012) .
Fe(II)-catalyzed recrystallization of Fe oxides impacts the fate of certain environmental contaminants that may be incorporated into the oxides, including trace metals and organics.
These pollutants may be taken up from or released into groundwater as a result of Fe oxide recrystallization (Frierdich & Catalano, 2012 , Cwiertny et al., 2008 . Many
Fe oxides in nature are biogenic in origin, formed as a result of Fe(II) oxidation by bacteria (Piepenbrock et al., 2014) ; these biogenic Fe oxides often contain organic matter. Additionally, the uptake and release of heavy metals such as arsenic and uranium is influenced by interactions between Fe(II) and Fe(III) in oxides , Handler et al., 2009 , Kappler et al., 2011 .
Of the Fe oxides, hematite (α-Fe 2 O 3 ) is of particular interest because of its potential for clean energy production. Hematite is one of the most common Fe oxides, and exists in nature in several forms including rhombohedra, hexagonal plates, and ellipsoids (Echigo et al., 2013 ).
Hematite appears to function well as a photoanode in photoelectrochemical (PEC) cells, which produce hydrogen (H 2 ) in the presence of sunlight through a water-splitting reaction (Bora et al., 2013 The ubiquity of hematite in nature makes it an attractive low-cost option for PEC cell construction. Hematite has also recently garnered attention because its ubiquity, relative stability, and sensitivity to temperature and humidity changes make it a good indicator of historical environmental changes (Guo et al., 2013) . As a result, the reactivity of hematite is of interest in the field of environmental health. However, if hematite is to be adopted for large-scale use in PEC cells or used as an environmental indicator, an understanding of the redox chemistry of this Fe oxide will be essential.
Previous research has not observed atom exchange between aqueous Fe(II) and Fe(III) in hematite. Under conditions that led to significant levels of atom exchange in ferrihydrite, lepidocrocite, and goethite, no exchange was observed for hematite (Pedersen et al., 2005) .
However, it has been shown that aqueous Fe(II) can sorb to hematite and reduce Fe(III) in a hematite crystal , Yanina & Rosso, 2008 In this study, an enriched isotope tracer approach was used to investigate Fe atom exchange between Fe(III) in hematite and aqueous Fe(II). Two particle sizes of hematite were synthesized and characterized. Exchange reactions were then carried out with hematite of each particle size. The extent of exchange was also tracked as a function of reaction pH and initial Fe(II) concentration.
CHAPTER II HEMATITE SYNTHESIS AND CHARACTERIZATION

Synthesis Methods
Hematite was synthesized as described by Pedersen et al. and following Method 2 in
Cornell & Schwertmann's Iron Oxides in the Laboratory. Following synthesis, all particles were washed by centrifugation, dried in an oven at 70 o C, and sieved. Phase purity was analyzed by Xray diffraction (XRD) and no crystalline phases other than hematite were identified. Specific surface area and particle size for each hematite material was determined by N 2 adsorption BET analysis, and scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Hydrochloric acid dissolution of hematite solids was carried out in 4M HCl at an initial solids loading of 1 g/L. Dissolution reactions were mixed end over end. Samples (1 mL) were collected and filtered (0.22 mm, nylon) into clean 1 mL microcentrifuge tubes.
Discussion
Hematite was synthesized according to the method described by Pedersen et al. (2005) so that a comparison could be made between the isotope exchange results seen here and those observed by Pedersen. BET analysis of the hematite synthesized as described by Pedersen showed a specific surface area of 27 m 2 g -1 . Hematite was also synthesized by following Method 2 in Iron Oxides in the Laboratory (Schwertmann & Cornell, 2000) so that isotope exchange could be tracked in two different hematite particle sizes. The hematite synthesized by following Method 2 had a BET-measured specific surface area of 54 m 2 g -1 . SEM images shown in Figure 2 confirmed that hematite particles synthesized following Schwertmann & Cornell's Method 2 (hereafter referred to as 54 m 2 g -1 hematite) had a smaller diameter than particles synthesized following the method described by Pedersen et al. (hereafter referred to as 27 m 2 g -1 hematite), as shown in Table 1 . (Schwertmann & Cornell, 2000) 54 58 ± 7 50 XRD analysis of both types of hematite before isotope exchange reactions showed that no iron oxide other than hematite was present in significant amounts ( sorption as pH increased from 3 to 9. Sorption started to occur around pH 5.5, with the greatest increase in sorption occurring between pH 5.5 and 8. Reactors were left on a rotator in the dark; duplicates were sacrificed at time points ranging from one hour to 60 days. Zero time point reactors containing no hematite were also constructed. A 1 mL aliquot was taken from each sacrificed reactor and centrifuged inside the glovebox at ~6200x g for 1.5 minutes. The supernatant was discarded and the pellet was 
Exchange between Aqueous Fe(II) and Hematite
Iron isotope exchange experiments were carried out between natural abundance hematite and 57 Fe-enriched Fe(II). ICP-MS analysis was used to determine the fraction of each isotope in aqueous samples. In a typical reaction, a fast decrease in aqueous 57 Fe was observed, accompanied by a corresponding increase in 56 Fe and a slight increase in 54 Fe (Figure 6 ). The changes in isotope fractions occur quickly, with a significant change in the first two days followed by a much slower change for the next 28 days. 
Atom Exchange as a Function of pH
Due to the fact that more Fe exchange was observed in 54 m 2 g -1 hematite than in 27 m 2 g -1 hematite at circumneutral pH, 54 m 2 g -1 hematite was used for variable pH and initial concentration of Fe(II) reactions. The effect of pH of Fe isotope exchange was investigated through reactions carried out at pH values of 5.5, 6.5, 7.0, 7.5, and 8.0. The results showed that the amount of exchange seen by 80 days increased as pH increased from 5.5 to 7.5 ( Figure 10 ).
The amount of exchange seen at pH 7.5 and pH 8.0 at 80 days was the same within error.
The trend in Fe isotope exchange with increasing pH parallels the trend in Fe(II) sorption as pH increases over the same range ( Figure 5 ). At pH 7.5, 33% Fe isotope exchange was seen in 54 m 2 g -1 hematite by 33 days, while at pH 5.5 only 8% exchange had occurred by 31 days. The same type of hematite sorbed 48 µmol of Fe(II) per gram of hematite at pH 5.4 and 258 µmol per gram at pH 7.3. In this case, sorption of Fe(II) increased by a factor of about five while Fe isotope exchange increased by a factor of four over the same pH range.
A similar trend of increase in Fe isotope exchange with increasing pH has been observed in goethite, where approximately 90% exchange was seen after 30 days at pH 7.5, and less than 15% was observed over the same time span at pH 5.0 (Handler et al., 2014) . In goethite, as here, lower exchange at the more acidic pH correlated with much lower sorption of Fe(II) at that pH.
Atom Exchange as a Function of Fe(II) Concentration
For reactions using 54 m Previous research on atom exchange between Fe(III) in hematite and aqueous Fe(II) did not directly demonstrate exchange between the two pools of Fe (Pedersen et al., 2005) . However, coupled oxidative growth and reductive dissolution, along with the release of trace metals under reducing conditions, implied that Fe exchange could occur (Frierdich & Catalano, 2012 , Frierdich et al., 2011 . Under the conditions used here, up to ≈40% exchange was observed between Fe(III) in hematite and aqueous Fe(II). The extent of exchange was greater in particles with a higher specific surface area. Exchange also increased as pH increased from 5.5 to 7.5, but decreased as the initial concentration of aqueous Fe(II) increased.
Evidence of Fe exchange between Fe(III) in hematite and aqueous Fe(II) has important implications for environmental trace element fate and transport. Fe exchange in Fe oxides leads to cycling of incorporated trace elements and contaminants through the oxides (Frierdich & Catalano, 2012 , Frierdich et al., 2011 . This cycling affects contaminants in groundwater and the availability of micronutrients to microorganisms. Previous research has shown that the rate of contaminant and micronutrient release is controlled by the rate of Fe oxide recrystallization (Frierdich et al., 2011) . The transfer of electrons from atom to atom within Fe oxides can also affect the redox state of redox-active trace elements. Additionally, the composition of iron oxides in geologic strata is often used to make extrapolations about element and micronutrient availability on early earth's surface. The knowledge that Fe atom exchange occurs and affects trace element fate could affect interpretations of the composition of prehistoric Fe oxides.
Future work on this subject could further investigate Fe atom exchange between Fe(III) in hematite and aqueous Fe(II) by examining whether the extent of exchange is affected by the presence of minerals and compounds found in natural environments, such as trace metals and phosphates. 
